Abstract-Phase measurements of the transmission coefficient are important when used for the dielectric characterization of materials. They are required for industrial material monitoring applications, where the phase is correlated with parameters such as moisture content and density, which need to be continuously determined. However, when the thickness of the material under test is greater than the wavelength in the material, a phase problem is encountered. Two methods are proposed to solve this problem. The first is based on the selection of the appropriate material thickness; the second requires the use of measurements at two frequencies. Advantages and limitations of both methods are discussed, and numerical validations are given for particulate materials.
IELECTRIC properties of materials are usually derived from measurements of reflection or transmission coefficients and in some instances from both [11, [2] . Free-space transmission techniques have been widely used for dielectric characterization, particularly since recent advances in microwave components and instrumentation have made them more convenient. These techniques have several attractive features. They are nondestructive, contactiess, and sample preparation requirements are minimal. Also, measurements at high temperatures are made more easily. For these reasons they can he implemented in industrial processes where particular parameters such as density and moisture content need to be monitored in real time [3] , [4] .
The transmission coefficient is determined by measuring the attenuation and phase shift introduced by a sample placed between two antennas. The ratio of attenuation to the phase shift [5 ] - [7 ] and permittivity-based calibration functions [8] , [9] have been successfully used as density-independent entities for moisture determination in various materials. Some requirements for the accurate measurement of attenuation have been reported [ 10 ] , [11] . Multiple reflections, edge effects and mismatches are the main sources of error. The multiple reflections, in particular, can he minimized if the sample thickness fulfills the 10-dB attenuation criterion. The phase measurement is, in general. less sensitive to these factors but is subject to a problem often referred to as the "phase ambiguity." Because phase-angle measurements are only possible between -180 0 and + 180°, a phase ambiguity occurs when the sample thickness is greater Publisher Item Identifier S 00 18-9456(00)02234-8.
than the wavelength in the sample material. The total phase shift is the reading, e.g., from a vector network analyzer, shifted by n times 360°, where n is an integer to he determined. This can he achieved either by making measurements on samples of different thickness [12] or by using the delay-time if the wave is nondispersive in the observed frequency range [13] . Both methods can be applied successfully in laboratory investigations, but they are time-consuming and impractical for industrial implementation where attenuation and phase shift are to be measured in real time.
Recently, a measurement technique, based on reflection, for thickness and permittivity determination was proposed [14] . However, rather than attempting to eliminate the phase ambiguity at a particular frequency, the phase changes are measured in a discrete way at several frequencies between fj and ffllax with a frequency step Af sufficiently small to ensure that there is no ambiguity in measured phase. The individual phase shifts between two successive frequencies are then added to give the total phase, which is then plotted versus the sample thickness.
In this paper, two methods are proposed to solve the phase ambiguity problem. The first is based on selecting a sample thickness that allows the phase to remain within the measurement limits of the instrumentation at a given frequency and for a given 11. This method requires prior knowledge of the expected range of dielectric constants. The second is more general; measurements of phase shifts at two frequencies, fi and 12 (fi <12), are used to determine n. The sample thickness is arbitrary. Error in n is optimized by selecting a frequency range as large as possible with the difference between the dielectric constants of the two frequencies remaining very small.
II. DIELECTRIC PROPERTIES AND PHASE AMBIGUITY
The relative complex permittivity, = -h", where f' is the dielectric constant and e" is the loss factor, is often used to study the structure and composition of materials. This intrinsic parameter is dependent on several variables, such as frequency, temperature, density, and moisture content. Therefore, it can be used to determine most of these variables if appropriate correlations are established.
When the free-space transmission technique is used to characterize a nonmagnetic material (ii. = 1), the attenuation AA and phase shift zI are used to determine the transmission coefficient [Il] . The attenuation is the loss of energy that the incident wave undergoes as it passes through a layer of material. In this paper, all phase angles are expressed in degrees. The phase shift is the difference between the phase angle (4') measured with the material between the two antennas and U.S. government work not protected by U.S. copyright. the phase angle measured without the material sample (4) Consequently, the phase shift is given by
On the other hand, it can be expressed as
where is the reading of the instrument (-180° < < +180') and it is a positive integer to be determined.
Assuming a plane wave traveling through a layer of low-loss material (€" << €') with thickness d, the real and imaginary components of the relative complex permittivity are determined as follows:
-8.6861rd (4) where 4 is the phase shift in degrees, A 0 is the wavelength in free space, and AA is the attenuation in decibels. 4 and AA are to be taken as positive.
Equations (3) and (4) show that phase information is necessary to determine the dielectric constant and loss factor. It is then obvious that if these properties are to be used in any industrial process, the phase ambiguity problem has to be solved in a way that can be easily automated.
III. USE OF AN APPROPRIATE SAMPLE THICKNESS
It is possible to avoid the phase ambiguity if the sample thickness is selected appropriately at a given frequency to keep p within the instrument limits. However, one needs to know approximately the expected range of dielectric constants. This can be obtained either from published data or by performing some preliminary measurements.
From (1) and (2), the sample thickness at a given frequency should fall within the following interval:
To illustrate this method, (5) is applied to some data for hard red winter wheat [15] . For the dielectric constant at 12.1 GHz, corresponding to moisture contents between 8 and 24%, wet basis, and for a given ii, the boundaries of required thickness intervals are calculated from (5) . The results are shown in Table I . Phase measurements are not ambiguous if the sample thickness is selected within the interval that includes the appropriate extremes for the whole moisture range. Equation (5) shows that the thickness boundaries depend on It, A 0 , and f. Thus, at most microwave frequencies, it is possible to define such an interval for the thickness. This method is simple and can be applied for laboratory investigations as well as for industrial purposes. In this case the sample thickness should he kept constant during the measurements; otherwise an additional device is needed to evaluate its fluctuations and correct the phase-shift determination accordingly.
IV. USE OF MEASUREMENTS AT TWO FREQUENCIES

A. Theory
Measurements at two frequencies can also be used to solve the phase ambiguity problem. The frequencies are selected in a region such that the difference between dielectric constants, r at f and ( at f2' is small enough to permit the following assumption. using (2) and (3): where h: is an integer. The integers n 1 and n 2 can he either equal (k = 0) or different (k = 1. 2 . . ) depending on the frequency difference, and the dielectric properties and thickness of the material under test. Therefore, two cases can be distinguished:
The absolute error in the value of ii, (i = where 6V and 5A are the uncertainties in the phase and wavelength measurements. Uncertainties ofit i and n 2 are related to those corresponding to the phase change and frequency measurements. In both cases, it was assumed that Pi = 42 = and that 6A 01 = 6A02 = A. Because the error in A is very small and has a minor effect, compared to that due to the phase measurements, it can he neglected, and the error in ii reduces in all cases to
where 6W is the error with which and c02 are measured and is expected to he +3°.
B. Numerical Validation
To illustrate this approach, some data obtained from measurements on hard red winter wheat [8] are used. The measurements were performed at room temperature (T 24 °C) with a Hewlett-Packard I 8510 B vector network analyzer calibrated in transmission mode.
For these measurements, wheat kernels were poured into a container with a rectangular cross section so that they formed a layer of constant thickness, d 10.45 cm. Then, the sample was inserted between two horn antennas and the magnitude and phase of the transmission coefficient were measured at frequencies ranging from 10.3 to 18 GHz. The measurements were repeated at several bulk densities for samples with moisture contents ranging from II to 18.2%, wet basis. Of all the frequencies, two were selected to give a numerical validation of this method: = 12.3 GHz and 12 = 13.3 GHz. A set of 181 values of i and a similar number of values were obtained. To determine the actual phase changes, is4 at f1 and L2 at 12, it is necessary to estimate the integers 7t1 and '2 Therefore, we first assume that k is equal to 0 and n 1 and n2 are calculated with (8). If the obtained number is negative, then k is equal to I, and 'i and n2 are determined with (9) and (10), respectively. electric properties of materials, as well as in industrial applications where particular parameters, e.g., moisture content and density. are to he determined continuously. With use of an appropriate thickness, measurements can he achieved at one frequency, provided that the expected range of dielectric constants is known. The use of measurements at two specific frequencies does not place any restriction on the sample thickness. However. small thickness and large frequency span give the best estimate of ii provided that the lO-dB attenuation criterion is respected and that the assumption given by (6) regarding the dielectric constants remains valid. This method is more general and can be easily implemented in an automated process where measurements of phase shift are needed in real time. For both methods, precalibration measurements are necessary for optimum selection of the appropriate thickness and for the two frequencies required to minimize the error in ii. Analytically, the relation between ( n 0. -71 0i.) and (,/-can be derived with (I) and (2) combined with (8) for k = 0 or (9) for k 54 0. In both cases, simple manipulations lead to the following relationship:
).
This equation shows that the slope of (n0. -fl ca j c.) versus (/ -/) is the thickness of the layer divided by the difference between the wavelengths. Slopes for d = 10.45 cm and d = 5.2 cm are calculated based on (13) and compared to those obtained from measurement of the dielectric properties in Fig. 3 . Therefore, for a given dielectric material, to minimize the difference between ttact and n calc. , the optimum choice of the thickness and the two frequencies should be made. The smaller the thickness and larger the frequency span, the better n is estimated. However, for many practical purposes, one should keep in mind that these choices should also respect the following criteria: 1) the thickness d must ensure at least 10-dB attenuation to avoid multiple reflection effects; and 2) the choice of the two frequencies must satisfy (6).
V. CONCLUSIONS
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